M2 forms the inner helix, which lines the pore, while M1 is arrayed around the inner helices and faces the membrane bilayer. The P loop contains the pore helix Summary and the GYG motif and determines the selectivity of the ion channel for K ϩ . It takes four subunits to form a GIRK2 is a major contributor to G protein-activated inward rectifier potassium channels in the mammalian functional channel. Beyond general similarities, however, it is unclear how well the KcsA structure will correbrain. How GIRK channels open upon contact with G␤␥ remains unknown. Using a yeast genetic screen spond to the structure of inwardly rectifying K ϩ channels. Sequence analysis and sensitivity to K ϩ channel to select constitutively active mutants from a randomly mutagenized GIRK2 library, we identified five gating toxins suggest that KcsA resembles more closely the pore of voltage-gated K ϩ channels than inward rectifiers mutations at four residues in the transmembrane do- Having subjected the entire GIRK2 sequence to random mutagenesis, we found mutations of four residues
fects on the gating of GIRK2 without disrupting its other Results properties. To investigate these residues further, we replaced each of these four residues one at a time with all A Yeast Genetic Screen for Gating Mutations in GIRK2 other nineteen amino acids. One residue, V188, tolerates only substitution by hydrophobic residues of comparaIn Xenopus oocytes, homomultimers of GIRK2 display small basal currents, while IRK1, a constitutively active ble size in the closed channel but can be replaced with any of the other residues in a constitutively open chaninward rectifier, displays large currents. This difference in current expression can, in part, be attributed to the nel, suggesting that it faces the pore in the open channel but has to fit snugly within a hydrophobic pocket in the lower probability of opening (P o ) of GIRK2, which is Ͻ0.01, compared to that of IRK1, which is near one closed channel. It thus appears that the transmembrane domain undergoes substantial rotation as the channel (Kubo et al., 1993) . First, we determined whether complementation of the potassium uptake-deficient phenoopens and closes. Based on mutagenesis and singlechannel analysis, one possible model for the gating type of a strain of S. cerevisiae could serve as an assay for the difference in current expression between GIRK2 movement is that GIRK channels gate by moving from an open conformation similar to Kir2.1 (Minor et al., 1999) and IRK1. After streaking on plates containing nominally low levels of K ϩ (0. yeast transformed with GIRK2 did not ( Figure 1B ). Examplitudes observed. Overall, the mutations did not greatly affect levels of GIRK2 protein expression in oopression of GIRK2 was confirmed by Western blotting (data not shown).
cytes. Single-channel recordings were obtained to address A library of randomly mutagenized GIRK2 was created using the method of DNA shuffling (Stemmer, 1994) .
whether these mutations affect the channel-gating properties of GIRK2. The mutations identified did not affect DNA shuffling is a method of introducing mutations by random fragmentation of genes and reassembly using the single-channel conductance but profoundly changed the single-channel kinetic properties of GIRK2 (Table 1 ; the polymerase chain reaction. Of ‫000,002ف‬ transformants, 0.5% grew after being replica plated onto Figure 2A ). In oocytes, GIRK2 predominantly shows brief, flickery openings. For the mutant channels, the plates containing 0.1 mM KCl. Sequencing showed that, on average, each positive clone that rescued yeast most striking change was the clustering of channel openings into long bursts separated by inactive periods growth had 9-10 mutations scattered throughout the GIRK2 coding sequence. To reduce the number of spuriwith few openings. This prolonged bursting phenotype was most prominent in mutations of the inner pair, N94H ous mutations, ‫001ف‬ positive clones were pooled and backcrossed with a 5-fold excess of wild-type GIRK2 or V188G, located near the cytoplasmic surface of the membrane. Mutations of the outer pair, E152D or S177T, sequence using a DNA shuffling protocol modified for higher fidelity (see Experimental Procedures). This realso gave rise to bursts, though they were shorter than those seen with the inner pair. In addition, mutations of duced the number of mutations per positive clone to between three and four. Single mutations were further the outer pair exhibited subconductance openings that were not seen in other mutants, wild-type GIRK2, or isolated until five mutations-N94H, E152D, S177T, V188A, and V188G-were identified that were individuuninjected oocytes (Table 1 ; Figure 2A ). Like V188G, GIRK2 V188A channels displayed a higher frequency of ally sufficient to confer growth on 0.1 mM KCl plates ( Figure 1B) . Seven independent clones carried the opening, though the alanine substitution generated a weaker phenotype than the glycine substitution. All mu-V188A mutation, and six independent clones carried the V188G; the other mutations were found in one indepentants exhibited increases in the NP o and mean open duration of single-channel openings (Table 1) , indicating dent clone each. These mutations are located within the presumed transmembrane domain of GIRK2. N94 is that the mutations identified in the screen enhance GIRK2 currents by altering the gating properties of located in M1, E152 in the P loop, and S177 and V188 in M2 (Figures 1A and 5A ). Based on their predicted GIRK2. It is important to note that, owing to the low open probability of wild-type GIRK channels, it is difficult locations relative to the cytoplasmic surface of the membrane, N94 and V188 form an inner pair whereas E152 to ensure the presence of a single channel in the membrane patch. While the open probability is known to and S177 form an outer pair.
GIRK2 cRNA carrying these mutations were injected increase from less than 0.01 to 0. Figure 1C) . The mutants carcurrents by favoring entry of channels into high-activity modes characterized by a high frequency of openings rying N94H, S177T, V188A, or V188G appeared to be expressed at slightly lower levels than wild type. GIRK2 clustered into bursts ( Figure 2B qualitatively similar to the mutant gating phenotypes require two or three simultaneous base changes within observed here. Further analysis is necessary to establish a codon. We, therefore, replaced V188 with the other a relationship between mutations at these positions and amino acids in order to determine the types of amino the modal gating behavior of GIRK channels. Unlike acid changes that were associated with high-current GIRK2 wild-type channels, V188G mutant channel activexpression and, by extension, the open state of the ity was not reduced by coexpression of G␣ i nor greatly channel. enhanced by coexpression with G␤ 1 ␥ 2 ( Figure 2B and All mutations were tested in the yeast assay and exdata not shown). These findings indicate that the mutapressed in Xenopus oocytes. At V188, surprisingly, the tion caused the channel to be constitutively active rather majority of amino acid substitutions resulted in active than becoming hypersensitive to G␤␥ stimulation. channels (Table 2) At E152, D and Q gave rise to large K ϩ currents, while changes to I, L, V, T, and C at S177 led to active K ϩ The limited tolerance for substitution of V188 in channels that remain closed in the absence of active G protein channels. These mutants also rescued yeast growth. Interestingly, many other mutations of E152 and S177 subunits, on the other hand, suggests that this position faces the interior of the channel protein in the closed expressed large currents in oocytes but did not rescue in yeast. These mutant channels displayed inward curstate, so that only hydrophobic residues of a particular size range can be accommodated. rents in 90Na/0K bath, indicating that K ϩ selectivity was disrupted. By contrast, mutations at N94 or V188 did We also examined the tolerance of the other three residues identified in our yeast mutant screen for amino not significantly alter K ϩ selectivity (Table 2) , though substitutions of V188 with basic residues altered current acid substitutions (Table 2 ). In contrast to V188, N94 was highly intolerant of substitutions. Only H and F were kinetics ( Figure 3B ). For some mutations of E152 and S177, currents in 90Na were comparable to those obcompatible with constitutively active channels that sup- . Therefore, V188I is a second-site suppressor of the gating mutation N94H. This supprespair, E152 and S177, are similar in two ways. First, the gating mutations recovered from the yeast screen show sion was also apparent in the yeast complementation assay ( Figure 4B ). In contrast to the additive effects similar single-channel properties, in kinetics as well as the appearance of subconductance states. Second, of the gating mutations E152D and V188G, no additive effects were observed in the N94H V188G double mumore drastic mutations at either position abolish potassium selectivity. The possible significance of these simitant, suggesting that V188G and N94H may affect the same gating process ( Figure 4A ). larities will be discussed later.
Effects of Double Mutations
Discussion We considered whether the inner pair, N94 and V188, might interact or affect the same gating process by In this paper, we report the use of a yeast genetic screen as a nonbiased method of screening hundreds of thouexamining the phenotypes of double mutants. If two mutations affect different processes, then, in combinasands of clones for mutations that affect the gating of GIRK2. Remarkably, although mutations were genertion, one would expect to see evidence of additive effects. Alternatively, if two mutations affected the same ated randomly throughout the entire GIRK2 sequence, we have isolated the first gating mutations within M1, process, then a mutation at one position may suppress or occlude the effects of the other. As a test of this the P loop, and M2 of the transmembrane domain. This suggests that the conformational changes associated principle, we constructed the double mutant containing E152D from the outer pair and V188G from the inner with GIRK2 channel gating occur in the transmembrane domain. The binding site for G␤␥ is thought to be located pair. The ates pH regulation of these channels (Fakler et al., 1996) . between adjacent M2s (Minor et al., 1999). Interestingly, L110 and H25 (corresponding to N94 in GIRK2) make E152 in the P loop is equivalent to position Q140 in IRK1 that affects fast gating (Guo and Kubo, 1998), and S177 contacts with the same residue, W113, in the same KcsA subunit ( Figure 5B ). This provides a plausible explanaof GIRK2 (corresponding to S166 in GIRK1) is equivalent to S165 in IRK1, a position recently reported to be intion for the strong interaction between N94 and V188 that was observed in GIRK2 (Figure 4) . IRK1) 1999). In this study, GIRK2 E152 and S177 were linked by their susceptibility to mutations that cause constitutive and E152 (Q140 in IRK1) are occupied by residues that are only compatible with constitutively active channels. activation ( Figure 1A ; Table 1 ) and/or a loss of K ϩ selectivity (Table 2; Figure 3A ) and the similar kinetic properIndeed, the E152Q mutant GIRK2 channels exhibit large basal currents (Table 2) , and it may be of interest to ties and the occurrence of subconductance states in their respective gating mutants (Figure 2A ). GIRK2 E152 determine whether the N94M V188I double mutant of GIRK2 is constitutively active. It is also possible that aligns with KcsA A73, which is in the pore helix, while GIRK2 S177 aligns with KcsA G99, which is in M2 and other differences between IRK1 and the V188I mutant GIRK2 channel contribute to their different gating proppositioned to interact with A73 ( Figure 5B) . Thus, the KcsA model provides plausible explanations for the simerties. In KcsA, V188 aligns with L110, which does not line the pore but is buried in protein-protein interactions ilar mutant phenotypes of the outer pair, E152 and S177, Protein Preparation and Western Blotting 1994), was performed essentially as described (Stemmer, 1994) and Total oocyte membranes were prepared essentially as described (Tucker et al., 1996) . For each mutant, 12-15 oocytes were lysed by cloned into a derivative of pYES2 harboring the Met-25 promoter
